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AN EXPERTMENTAL INVESTIGATION OF HIGHLY UNDEREXPANDED 

FREE JETS IMPINGING UPON A PARALLEL FLAT SURFACE 

By Allen R. Vick and Earl H. Andrews, Jr. 
Langley Research Center 

SUMMARY 

An investigation to determine the effects of highly underexpanded free jets 
impinging upon an adjacent flat surface has been conducted. The experimental 
program conducted in the Langley 41-foot vacuum sphere consisted of obtaining 
pressure measurements and high-speed schlieren photographs. Unhea.ted air (of 
approximately 2,400 lb/sq in. abs) was exhausted from two different nozzles, a 
converging nozzle (jet exit Mach number, 1.0; nozzle exit diameter, 0.125 inch) 
and a converging-diverging nozzle with a nominal design Mach number of 5.0 having 
a nozzle exit diameter of 0.625 inch. The jet-impingement surface was mounted 
parallel to the nozzle axial center line and the distance of this surface from 
the nozzle axis was varied for each of the test nozzles. Continuous data were 
obtained over a range of ratios of jet total pressure to ambient pressure varying 
from about 250,000 down to 20,000. 

The data are reported herein together with certain correlations of the pres- 
sure distributions along a line parallel to the nozzle axial center line. 
location of the peak static-pressure ratio appeared to correspond to the location 
of the oblique shock which is formed downstream of the initial impingement point. 
For the two closest plate positions, the jet-impingement-point variation is rela- 
tively small over the range of total-pressure ratios investigated and results in 
a relatively constant location of the peak surface-static-pressure ratios. At 
large distances of the jet-impingement surface from the nozzle, a change in the 
type of flow experienced on the surface occurs which results in more than one 
peak static-pressure ratio. For relatively close plate locations and for a 
given location on the plate, it was further observed that the ratio of surface 
pressure to total pressure remained essentially constant as the ratio of total 
pressure to ambient pressure was varied. Angles between the flow direction at 
the initial jet-impingement point and the plate surfqce ranging from 58O to 65' 
and 3 3 O  to 41° for the Mach number 1.0 and Mach number 5.0 nozzles, respectively, 
corresponded to critical values for which the peak surface pressure shifted from 
a position a considerable distance downstream of the initial jet-impingement 
point up to the vicinity of jet impingement. 

The 

INTRODUCTION 

Rocket exhaust gases expanding into the vacuum of outer space leave the 
nozzle in a highly underexpanded condition. Under such circumstances these 



exhaust gases on leaving the nozzle exit flow in a radial direction which, at 
the jet plume boundary, may be nearly perpendicular to the nozzle thrust axis. 
Typical problems arising as a result of these large billowing jet plumes include 
high-altitude stage separation (ref. l), attitude control for space rendezvous 
missions, soft lunar landings and take-off (refs. 2, 3, and 4), and structural 
and heating problems brought about by direct impingement of the hot exhaust gases 
on adjacent vehicle surfaces. The purpose of this experimental investigation was 
to determine the pressure distributions associated with highly underexpanded free 
jets impinging upon adjacent flat surfaces. A similar investigation with a some- 
what different objective using a Mach number 2.0 nozzle, tests being conducted 
over a range of ratios of jet total pressure to ambient pressure up to about 
14,000, is presented in reference 5. Another investigation (ref. 6) presents 
experimental data for a 2:l area ratio nozzle at pressure ratios (pt,j/pm) up to 
about 2,350. Included was a comparison of experimental results with theoretically 
predicted surface pressure distributions using a method based on Newtonian flow 
theory. 

The investigation reported herein was conducted in the Langley 41-foot 
vacuum sphere, data being obtained in the form of surface pressure measurements 
and high-speed schlieren photographs. Cold-air tests, with a total temperature 
of about 90° F, were conducted at stagnation pressures of approximately 
2,400 lb/sq in. abs with two different nozzles, a converging nozzle (jet exit 
Mach number, 1.0) and a converging-diverging nozzle (jet exit Mach number, 5.0). 
The jet-impingement surface was a flat plate mounted parallel to the nozzle axial 
center line and the distance of this surface from the nozzle axial center line 
was varied for each of the test nozzles. The range of ratios of jet total pres- 
sure to ambient pressure was from about 25O,OOO down to 20,000. 

SYMBOLS 

Y 

R 

nozzle exit diameter 

nozzle exit Mach number 

nozzle exit static pressure 

static pressure on impingement surface 

nozzle total pressure 

vacuum sphere ambient pressure 

distance along impingement surface measured axially from nozzle exit 

distance between impfngement surface and center line of nozzle 

radial distances from center of impingement surface (see fig. 2) 

angle in degrees measured clockwise with respect to nozzle axial 
center line ( see ffg. 2) 
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en 

P 

A($) 

Vn 

"1 

The 

half-angle of nozzle 

angle between tangent to jet boundary and impingement surface at point 
of impingement 

angle between tangent to jet boundary and jet axis immediately after 
expansion to ambient pressure at nozzle exit 

distance between point of impingement and location of maximum surface 
pres sure 

F'randtl-Meyer expansion angle corresponding to nozzle exit Mach number 

Prandtl-Meyer expansion angle corresponding to jet boundary Mach number 

APPARATUS AND PROCEDURE 

Test Setup and Procedure 

experimental investigation was conducted in the Langley 41-foot vacuum 
Air from a tank farm pres- sphere with the test setup as shown in figure l(a). 

surized to approximately 2,400 lb/sq in. abs was supplied to the nozzles, located 
near the center of the sphere, through a 3/4-inch-diameter supply pipe. 
volume of air available was sufficient to maintain essentially a constant nozzle 
stagnation pressure during a test run. An enlargement of the test setup, shown 
in the schematic in figure l(b), shows the general arrangement of the nozzle, 
impingement surface, and schlieren mirror. The impingement surface, a flat plate 
with dimensions of 36 inches by 42 inches,was mounted parallel to the nozzle 
axial center line. Surface pressure distributions were measured with the plate 
located at distances corresponding to 7, 14, 30, and 60 nozzle exit diameters 
away from the 
eters from the Mj = 5.0 nozzle center line. The location of the plate center 
point downstream of the nozzle exit varied with the distance between the plate 
and the nozzle center line in order to obtain a better coverage of surface pres- 
sures in the vicinity of the jet-impingement point. 

The 

Mj = 1.0 nozzle center line and 2, 4, 6, and 10 nozzle exit diam- 

Vacuum pumps were utilized to attain initial pretest pressures in the sphere 
of approximately 0.4 mm Hg (0.0077 lb/sq in. abs). 
solenoid valve located just upstream of the nozzle permitted a rapid start. For 
one sphere evacuation, two 15-second runs were made with a brief shutdown between 
the two runs for the purpose of reloading the motion-picture camera. During the 
total test time of approximately 30 seconds, the pressure ratio was reduced from 
about 250,000 down to about 20,000. With the test nozzle in operation the sphere 
pressure increased linearly with time; therefore, the ratio of total pressure 
to ambient pressure decreased hyperbolically with time. 

An electrically operated 

Some of the symbols and parameters used in the d%scussion are defined by 
the sketch in figure l(c). 
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Test Nozzles 

Tests were conducted with two nozzles, one convergent and the other 
convergent-divergent, as shown in figure l(d). 
had an exit diameter of 0.125 inch and the converging-diverging conical nozzle 
of nominal design Mach number of 5.0, based on inviscid flow, had an exit diam- 
eter of 0.625 inch, an expansion area ratio of 25, and a half-angle of l5O. 
some tests conducted with the nominal M = 5.0 nozzle, a static-pressure orifice 
installed in the expansion wall just upstream of the exit indicated an actual 
exit Mach number of 4.79. 

The converging nozzle (Mj = 1.0) 

For 

The initial turning angle of the flow at the nozzle exit an, obtained from 
measurements of a series of schlieren photographic enlargements at known values 
of the ratio of nozzle total pressure to ambient pressure, indicated a substan- 
tially larger value of the effective expansion half-angle 0n at the exit than 
the inviscid design value. 

= v1 - Vn + 8, (see, for example, ref. 7). With vn and v l  determined 
from the estimated exit Mach number of 4.79 and the experimental value of the 
ratio of ambient pressure to total pressure, respectively, the effective nozzle 
half-angle was computed to be 26.5O or about 11.5O greater than the inviscid 
design value. 
tested, experienced a similar phenomenon in that measured values of a, were 
considerably different from the calculated values. A comparison of the dif- 
ference between measured and calculated values of 
Reynolds number of about 13 x 10 6 based on nozzle exit conditions and diffuser 
conical length, indicates favorable agreement with the same type of correlation as 
shown in reference 8. For large-scale configurations, it is believed that Bn 
should correspond to the geometric angle; however, more research is needed in 
this area. 

This comparison was performed by using an expression, 

Reference 8, in which small-scale high Mach number nozzles were 

%, when correlated with the 

Instrumentation 

Nozzle stagnation pressure was measured by a 3,000 lb/sq in. abs pressure 
transducer located between the electrically operated solenoid valve and the 
nozzle inlet bell. The sphere ambient pressure was measured in the vicinity of 
the nozzle by a small differential pressure transducer with a range of 0.005 
to 0.10 lb/sq in. abs. The impingement plate was instrumented with static ori- 
fices 0.040 inch in diameter located as shown in figure 2. A l l  static orifices 
were connected to differential pressure transducers (NACA miniature-type induc- 
tive gage) by means of 9-inch lengths of tubing to reduce possible vibrational 
effects and yet retain a rapid response system. A l l  pressure measurements were 
continuously recorded on oscillographs for the duration of each 15-second test. 

High-speed double-pass schlieren movies (16 millimeter) were obtained for 
each test run. 
behind the nozzle (as shown in fig. l(a)) and the viewing port and camera were 
located on the equator of the vacuum sphere in the monitoring room. By properly 
synchronizing the motion-picture camera with the flashing schlieren light source, 
maximum frame rates of about 750 frames per second were obtained. Timing marks 

A 25-inch-diameter parabolic mirror was mounted about 4 feet 
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recorded on the edge of the motion-picture film from a 60-cycle flashing light 
source permitted a correlation of pressure ratio with time for each test run. 

RESTJLTS AND DISCUSSION 

Tabulated Data 

The investigation reported herein contains results obtained with two dif- 
ferent nozzles (Mj = 1.0 
parallel adjacent flat surface. The tabulated data of this investigation are 
presented in table I for the 
away from the nozzle of 7, 14, 30, and 60 nozzle exit diameters and in table I1 
for the Mj = 5.0 
eters. Columns @ to @ of the tables contain data in a nondimensional ratio 
form of surface static pressure to ambient pressure 
values of ratios of nozzle total pressure to ambient pressure ranging 

from 250,000 down to 50,000. 
verted to ratios of surface static pressure to nozzle total pressure 

In the polar coordinate sketch of figure 2 the nozzle axial center line is con- 
sidered to be at $ = 00 

increases in a clockwise direction. Data in the figures are primarily limited 
to those obtained on a line parallel to the nozzle axial center line ($  = 0'); 
however, typical plots are presented showing how the data contained in the tables 
for pressure orifices other than along 

and Mj = 5 .0 )  having exhaust plumes impinging upon a 

Mj = 1.0 nozzle for values of plate distances 

nozzle at plate distances of 2, 4, 6, and 10 nozzle exit dim- 

ps/p, for five constant 

pt ./pm 9 J  

Columns @ to @ contain the identical data con- 
Ps/Pt, j * 

J, and data are tabulated at +intervals of 22L0 as 2 

Jf = Oo might be used. 

Experimental Results 

General flow description.- A general inspection of the data indicates that 
the impingement of a supersonic jet on an adjacent surface produces surface pres- 
sure distributions strongly dependent upon the type of shock system produced by 
the impinging jet. There appears to be two different shock configurations expe- 
rienced in this investigation which depended upon 

geometry. It can be postulated that one such system occurred when the flow was 
turned at the point of impingement by an oblique shock system, and that the other 
occurred when the flow had too large an impingement angle to be turned by an 
oblique shock and, therefore, had to pass through a normal shock. However, for 
the latter case an oblique shock was formed downstream of the initial impinge- 
ment point when the flow was able to negotiate the required turning angle. 

y/dj, pt, j/pm, and nozzle 

Set boundaries.- Theoretical jet plume boundaries calculated by the method 
of characteristics for quiescent air, using three-dimensional irrotational equa- 
tions of flow, are shown in figure 3 for each of the ratios of nozzle total pres- 
sure to ambient pressure shown on the data sheets. The jet boundaries are 
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presented in a nondimensional ratio form as the variation of 
Experimental boundaries obtained from photographic enlargements of individual 
frames from the schlieren movies (see figs. 4 and 5) are indicated by symbols. 
Excellent agreement with theoretical results is indicated over the complete range 
of pressure ratios for both nozzles. It should be emphasized here that the theo- 
retical calculations, for the nominal Mj = 5.0 nozzle, were based on the actual 
exit Mach number of 4.79 and effective nozzle half-angle of 
are both considerably different from the inviscid design value. Superimposition 
on the jet-boundary plots of the various plate locations for the different test 
configurations pedts a determination of the jet-impingement-point location. 

At the extreme pressure ratios covered in this investigation (up to 
pt, j/pm = 250,000), the possibility of air condensation exists in that static 
temperatures occur below that required for condensation; however, because of 
the small model size and the time required for condensation to occur, the effects 
were believed to be negligible. Several factors appear to substantiate this 
belief. In view of the fact that viscous effects produced by formation of water 
droplets would retard the expanding gas velocity and affect the size of the jet 
plume, the excellent agreement of experimental and theoretical jet boundaries 
indicates that if Condensation were present, its effects are minor. In addition, 
the rapid expansion of the free jet downstream of the nozzle exit results in a 
decreasing frequency of molecular collisions required for droplets to form and 
retards even further the possibility of condensation. 

y dj with x/dj. 1 

8, = 26.5' which 

The oblique shock waves produced by jet impingement and obtained from high- 
nozzle at the speed schlieren movies are shown in figure 3(a) for the 

two closest plate positions, y/dj = 7 and 14, and in figure 3(b) for the nominal 
Mach 5.0 nozzle at For these plate positions, no movement of the 
oblique shock could be detected as the pressure ratio decreased from 250,000 
down to 50,000. A s  the impingement surface is moved out to a distance of 14 noz- 
zle exit diameters, the oblique shock associated with the sonic nozzle impinge- 
ment has about doubled in its location downstream of the nozzle exit, increasing 
from about 4 to 8 nozzle diameters. Further increases in distance between the 
nozzle and impingement surface result in a change in surface flow and a movement 
of the oblique shock up to the point of jet-boundary impingement. 

Mj = 1.0 

y/dj = 2. 

Schlieren photograph_s_.- Schlieren photographs obtained from the 
16-mi~imeter motion-picture film are presented in figures 4 and 5 for the 
Mj = 1.0 and Mj = 5.0 nozzles, respectively. Enlargements of individual frames 
corresponding to the pressure ratios for which data are presented, with the 
exception of photographs for the Mj = 1.0 nozzle at y/dj = 30 which were 
omitted because of their poor quality, are shown in chronological order in each 
figure. 
five different pressure ratios. (See figs. 4(b), 4(c), and 5(d).) 

Theoretical jet plume boundaries are shown only once for each of the 

The initial jet-impingement point, partially obscured in some of the photo- 
graphs, may be approximated from the shape o f  the free jet boundary on the oppo- 
site side of the nozzle. In general, the oblique shock that originates 
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downstream of 
type I11 flow 
occurs at the 

the initial impingement point is believed to be typical of the 
discussed in reference 5 in which significant flow separation 
impingement point followed by an oblique shock with considerable 

flow separation along the surface. From the photographs it is further evident, 
however, that this thickly separated region persists only for a limited distance 
downstream of the initial impingement point (see fig. 4(a)) and then becomes very 
thin. As the pressure ratio is decreased, a second oblique shock forms far down- 
stream of the nozzle exit and moves upstream. (See fig. 4(a). ) 

At the outermost plate location for the Mj = 1.0 nozzle (fig. 4(c)) the 
oblique shock appears to originate very close to the impingement point at the 
highest pressure ratios. The schlieren motion pictures show that as the pressure 
ratio decreases, the oblique shock changes into a series of short shocks, pos- 
sibly of the type that would occur if vortices were present in the flow along the 
surf ace. 

Schlieren photographs for the Mj = 5.0 nozzle at the closest plate loca- 
tion (fig. 5(a)) are basically similar to those for the 
the oblique shock originating several nozzle exit diameters downstream of the 
impingement point. As indicated in figure 5(a), however, the length of thick 
boundary layer on the impingement surface extends much further downstream than 
at comparable pressure ratios with the Mj = 1.0 nozzle. Increasing the dis- 
tance between the impingement surface and the nozzle axis (figs. 5(b) and 5(c)) 
introduces a flow phenomenon considerably different from that noted in the fore- 
going discussion. These figures show two apparent shock systems (see fig. 5(b)) 
which have a tendency to coalesce as the pressure ratio decreases. The first 
shock originates at the impingement point and reduces in strength, as indicated 
by the decrease in angle between the shock and surface, as the pressure ratio 
decreases. The second shock adheres more closely to the surface than the initial 
shock and appears to originate somewhat downstream of the boundary impingement 
point. Adjacent to the surface and bounded by the second shock is a region con- 
taining apparently large-scale turbulence. Observations of this region in the 
motion-picture film showed that the turbulence consisted of a series of vortices 
which grew in size as the flow proceeded downstream. 

Mj = 1.0 nozzle with 

Surface pressure distributions.- Examples of local variations of surface 
static-pressure ratio ps/p, with nozzle total-to-ambient pressure ratios for 

a few individual static-pressure orifices are shown in figure 6 for the 
nozzle at spacing ratios of 
of curves from which the data presented in the tables were obtained. 
shows an essentially linear variation of surface pressure with the ratio of nozzle 
total pressure to ambient pressure which is typical for the pressure variation 
at all orifice locations for y/dj = 7 and 14 for the Mj = 1.0 nozzle and 
y/dj = 2 for the Mj = 5.0 nozzle. Nonlinear variations shown in figure 6(b) 
are typical of the outermost plate locations and show that as the pressure ratio 
is decreased, the impingement point moves downstream and crosses first one ori- 
fice location and then another and, as a result, there are local regions of high 
pressure. 

Mj = 1.0 
This figure is typical of the type 

Figure 6(a) 
y/dj = 7 and 60. 
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Pressure distributions produced by impingement of the exhaust plume on a 
and Mj = 5.0 flat surface are shown in figures 7 and 8 for the 

nozzle, respectively, as the variation of surface static-pressure ratio ps/p, 
with distance along the nozzle axial center line in terms of nozzle exit diam- 
eter ratio x/dj. Maxi" values of ps/pw of about 500 and 130 were obtained 
for the Mj = 1.0 nozzle (y/dj = 7) and Mj = 3.0 nozzle (y/dj = 2), respec- 
tively, at 

flow configurations depending on y/dj, 

configuration which appears to be independent of p 

an oblique shock located near the plate at an appreciable distance downstream of 
the jet-boundary-impingement point. 
this type of flow have peak values closely corresponding to the points of shock 
location as shown by comparing figures 7(a), 7(b), 7(c), and figure 8(a) with 
figures 3(a) and 3(b), respectively. 'This correlation occurs, regardless of the 
nozzle total-pressure ratio, at a relatively constant location downstream of the 
nozzle exit. The constant location of peak pressure is primarily a result of 
the fact that the jet-impingement-point variation is relatively small over the 
range of pressure ratios investigated as was shown in figure 3. 

Mj = 1.0 

pt ./pw = 230,000. In general, the data correspond to one of two ,J 
and nozzle geometry. One flow Pt, j/Pm? 

is characterized by 
t, j/"m 

Surface pressure ratio trends associated with 

As the surface-to-nozzle separation distance is further increased, a limit 
is reached in which a change occurs in the surface flow characteristics. First 
evidence of this flow change is observed at y/dj = 30 and ptYj/pm = 50,000 

for the Mj = 1.0 nozzle, and Y/dj = 4 for the Mj = 5.0 nozzle at the lower 

pressure ratios. This second type of flow configuration is characterized by an 
oblique shock located at the jet-boundary-impingement point in which the peak 
surface pressure also occurs either at or very near the point of tmpingement. 
comparison of figures 7(c) and 7(d) with figure 3(a) and figures 8(b), 8(c), 
and 8(d) with figure 3(b) shows this change in surface flow phenomena. These 
results are somewhat similar to those of reference 5 which showed peak surface 
pressures being produced at the impingement point for l o w  pressure ratios with 
an apparent tendency toward a downstream movement of peak pressure at the higher 
pressure ratios. 

A 

The shift in peak pressure location with decreasing pressure ratio is a 
gradual occurrence as shown in figure 8(b). The initial peak pressure decreases 
in prominence with decreasing pressure ratio and also moves downstream at a rate 
closely approximated by the shift in jet-impingement-point location. Concurrent 
with the decrease in initial peak pressure is a gradual increase in prominence 
of the pressure at the point of jet impingement. 
decrease in shock strength at the downstream location and an increase in shock 
strength at the impingement point. 

These trends indicate a 

The distributions of the surface static pressures expressed as a ratio to 
the nozzle total pressure pS/ptyj are presented in figures 9 and 10. At the 
closest plate position 
sent the average variation of p p 

y dj = 7; fig. 9(a)), a single curve is drawn to repre- 
for the complete range of test pressure 

s /  t,j 
( 1  

a 



1 ratios. That a single 
cates that the surface 

curve can be drawn for a range of pressure ratios indi- 
pressure at a given location relative to the nozzle exit 

is directly proportional to the nozzle total pressure and is independent of the 
ratio of nozzle total pressure to ambient pressure. 
cate a slight increase in the span of maximum and minimum surface pressures 
brought about by the increased range of the jet-impingement-point location. 

Figures 9(b) and lO(a) indi- 

Figures 9(c), 10(b), and lO(c) show that higher absolute values of peak sur- 
face pressure may exist at the lower pressure ratios (see, for example, curves 
for pt, j/pm = 250,000 and ?O,OOO), depending on whether the oblique shock is 
located at the point of jet-boundary impingement or downstream of this location. 
This condition may be the result of lower total pressure losses being incurred at 
the lower pressure ratio for which the angle of jet impingement is least. 

Radial and circumferential distributions.- The previous discussion has been 
restricted solely to the surface pressure distributions along a line parallel 
with the nozzle axial center line. Typical variations of ps/pt,j with R/dj 
are presented in figure ll(a) for the plate position y/dj = 7, and a pressure 
ratio Pt, j/Pm = 230,000 
Circumferential plots of the surface pressure distribution at various radii are 
shown in figure ll(b). By plotting both radial and circumferential pressure 
distributions and cross checking between the two curves, it was possible to 
improve the fairing of each individual curve, particularly those with a limited 
number of data points. All points used to construct a given curve that were 
arrived at through interpolation are shown as crossed ( X )  symbols. 
from symmetrical patterns of pressures are relatively small as can be seen in 
the circumferential plots in figure ll(b). 
nozzle constructed similar to those for the data are shown in fig- 
ures 12(a) and l2(b). 

along radial lines identified in the insert sketch. 

Deviations 

Typical plots for the Mj = 3.0 
Mj = 1.0 

Jet-impingement angle.- Results of a correlation of the angle p between 
the jet boundary and impingement surface with the shift in peak pressure loca- 
tion are shown in figures l3(a) and l3(b) for the 
nozzle, respectively. The impingement angle p, as obtained from both schlieren 
and theoretical results, is plotted against A(%) which is the distance between 

the jet-boundary-impingement point, as obtained from figures 3(a) and 3(b), and 
the peak pressure location as obtained from the pressure-distribution plots. 
Curves of constant pressure ratio and plate location are shown for each of the 
test nozzles, dashed lines indicating extrapolation in the region of shifting 
peak pressure location. The critical angles of jet impingement for which the 
peak pressure shifts in location occur in the range from about 38' to 6 5 O  for the 
Mach 1.0 nozzle and from 33O to 41' for the Mach 5 nozzle. 
70 appears to remain relatively constant for both nozzles over the range of pres- 
sure ratios investigated. As pt,j/pm increases, the impingement angle for 
which maximum surface pressure will exist at the point of initial jet-boundary 
impingement also increases. 

Mj = 1.0 and Mj = 5.0 

This range of about 
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A comparison of figures l3(a) and l3(b), at constant plate locations from 
the nozzle axis, indicates that peak pressures occur much farther downstream of 
the initial jet-impingement point A($) for the Mj = 1.0 nozzle than for the 

Mj = 5.0 nozzle. At pressure ratios extrapolated to values greater than those 
of this investigation, but at the same plate locations 
location of peak pressure is indicated for the 
nificant increases may be expected for the Mj = 1.0 nozzle. These data indi- 
cate that in order to achieve a relatively constant location of maximum surface 
pressure over a large range of pressure ratios, it is necessary to use either a 
high Mach number nozzle or else maintain a small separation distance between the 
nozzle and impingement surface. 

y/dj, little change in 

nozzle, whereas sig- Mj = 5.0 

SUMMARY OF FU3SULTS 

An investigation to determine the effects of highly underexpanded free jets 
impinging upon an adjacent flat surface has been conducted. The experimental 
program conducted in the Langley 41-foot-diameter vacuum sphere consisted of 
obtaining pressure measurements and high-speed schlieren photographs. Unheated 
air (of approximately 2,400 lb/sq in. abs) was exhausted from two different 
nozzles, a converging nozzle (nozzle Mach number of 1.0 and nozzle diameter of 
0.125 inch) and a converging-diverging nozzle (nominal design Mach number of 5.0 
having a nozzle diameter of 0.625 inch). In general, the data corresponded to one 
of two flow configurations on the impingement surface depending on the distance 
separating the plate from the nozzle center line, the value of the ratio of nozzle 
total pressure to ambient pressure, and the nozzle design. The following results 
were obtained: 

1. The locations of the free-jet boundary-impingement points on the adjacent 
parallel flat plate were determined experimentally and theoretically and corre- 
lated with the locations of the peak pressure ratios measured on the flat plate. 

2. One flow configuration was characterized by an oblique shock located an 
appreciable distance downstream of the jet-boundary-impingement point. The 
maximum pressures measured on the plate were obtained at the oblique shock loca- 
tion for the smallest plate spacing; a maximum pressure 500 times ambient pres- 
sure was measured for the Mach 1.0 nozzle and 132 times ambient for the nominal 
Mach 5.0 nozzle. Near linear variations of the ratios of surface static pressure 
to ambient pressure with ratios of jet total pressure to ambient pressure were 
obtained for the Mach 1.0 nozzle at all orifice locations for the two closest 
plate locations. For relatively close plate locations, the pressures measured 
at any position on the plate were very close to being directly proportional to 
the nozzle flow total pressure and were independent of ambient pressure. 

3 .  The second flow configuration was characterized by an oblique shock 
located at the point of jet-boundary impingement on the plate. For the k c h  1.0 
nozzle, this flow Configuration was first obtained when the plate position or 
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jet pressure ratio was altered in such a way that the jet-boundary-impingement 
angle was reduced to some value within the range from 58O to 6 5 O  depending on the 
particular value of pressure ratio. For the nominal Mach 5.0 nozzle, the corre- 
sponding range of impingement angles extended from about 33O to 41'. 
surface pressures were much lower with this particular type of flow than when the 
oblique shock was located some distance downstream of the jet-boundary- 
impingement point. 

Maximum 

4. These data indicate that in order to achieve a relatively constant loca- 
tion of maximum surface pressure over a range of pressure ratios, it is necessary 
to use either a high Mach number nozzle or else maintain a small separation dis- 
tance between the nozzle and impingement surface. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., February 18, 1964. 
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.4620 

.4520 

.%35 

.2995 
* 1755 
.io70 
.C@O . 0$6 
.0197 
.0074 
.GO42 
.0041 
.4520 

.0034 

.0102 

.4520 

.lo15 

. om 

.ow6 

.0031 

.0035 

.0033 

.W39 

.4520 . 00% 

.1800 

.4520 

.1615 

.0039 

.1100 

.4520 

. OW3 

, 
0.0053 X 10-3 0.0075 X lo-’ 0.0122 X 10-3 . o54i 

-2453 
.5&7 
.&07 
.3793 
.2960 
.1740 
.0947 
. 6 5 3  
.03& 
.0189 
.W79 
.0044 
.W53 
.4407 
.0094 
.0042 
.0077 
. a 0 7  
.0947 
.0m4 
.0033 
.0035 
.0w51 
.0033 
.4407 
.&1 
.1787 
.4407 
.1627 
.OOM 
* 1053 
.4407 
.0057 

.0036 

.lggO 

.5680 

.by30 

.3730 

.2850 

.1710 

.mo 

.c%00 
* 0350 
.0163 
. a 7 5  
.0049 
. 0 6 3  
.4%0 
. o m  
.0w51 
.W32 
.4%0 
.0910 
. o m  
.0056 
.0086 . 0086 
.0018 
.4%0 
.&9 
.2020 
.4%0 
.1800 
. m 5  
* 0990 
.4%0 
. a 3 9  

------ 
.2380 
.4620 
.4300 
. $80 
.2800 
.1700 
.0700 
.0520 
.0336 

.0074 

.0098 

.0052 

.4300 

.0058 

.0m0 

.0104 

.4300 

.1020 

.0076 . oogo 

.0106 

.0158 

.0030 

.4300 

.0046 

.1440 

.4300 . I240 

.0102 

.0940 

.4300 

.0114 

.0134 
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.0047 

.1148 

. o m  

.00jo 

.0024 

TABLE 11.- SURFACE PRESSURE DATA RFSULTS OF Mj = 5.0 NOZZLE EXBAUST PLUME IMPINGING UPON AN AXIALLY PARALLEL ADJACENT PLATE - Continued 

.Oo65 

.1182 

. o n 5  

.0045 

.0022 

8 4.48; 0 

5.28 .8 

O r i f  ice 
50,0001 100, 000 250, OOO 200,000 ~50,000 100,000 50,000 

0.57 
1-53  

10.05 
19.61 
21.62 
23.29 
25.88 

2.0144 x 10'3 [ 
.0120 I 

.OM38 

.0736 

.I730 

.io56 . lo60 

.lo80 

.&TO 

.0440 

.0244 

.0160 

.0070 

.0060 . 0100 

.I730 

.0110 

.0074 

.Oc60 

.I730 

.0328 

.0134 

.0160 

.0150 

.0150 

.0142 

.I730 

.0136 

.1420 

.1730 

.1944 

.0080 

I 

0.78 0.80 0.72 
.60 .48 .60 

12.15 5.00 .34 
15.57 8.94 3.68 
17.22 11.82 8.65 
17.52 1 11.37 5.28 
18.12 , 11.70 5.30 
17.33 j 11.35 5.40 

8.54 5.22 I 2.20 
11.20 ' 7.28 3.35 

.0207 

.0647 

. a 0  

.lo14 

.I264 

. o o n  
0503 .we1 
.lo81 
.1165 

I .1294 
* 1173 
* 0757 ' . 0 2 4  
.0342 
.0224 
. w 3  
.0055 . 0&3 
.io81 
.0120 
.0031 
.0030 
.lo81 
.o684 
.0112 
.mSs 
.0032 
.0050 
.0046 
.lo81 
.0036 
.0728 
.lo81 

1 -0778 
.a037 1 .0787 
.lo81 1 .W56 

180, 0 25.35 
0 31.61 

7 
' 8  

9 
10 
ll 
12 
13 
14 
15 

' 5  
28 
27 
16 
5 

i 21 
22 
23 
24 
25 

, 26 
I 5  

29 
18 
5 

19 
30 
20 
5 

I 17 

2 . 0 8  1.6 

9.28; 4.8 
7.68 3.2 

11.481 6.4 
14.08 9.6 
17.28 ~ 12.8 

123.68i19.2 

0 22.5 ' 
I 

3.2 , 225 I 

I 1 i  
' 3.2 1 45 

114.4 
,27.2 ' 

I 1 0  225, 45 

9.6 
j 16.8 I 

, -  
34.07 
29.35 
19.08 
14.85 

2%. 45 
15-13 
11.67 
6.83 
4.47 

, .85 

1.85 
1.10 

21.62 

l .61 
I .60 

21.62 
13.67 
2.25 

.77 

' 2.40 

I 8.75 4.95 
3.20 
1.35 

* 70 
.70 

3.05 
1.93 

.85 

.55 

.65 
11.82 

1.15 
.45 
.22 

11.82 
5.14 
.2 
.73 
.94 
.86 

1.22 .0350 
.80 .0230 
.35 .ma4 
.30 I .0048 
.50 .0038 

8.65 .lo14 
.55 , .0114 
.37 .0030 

5.75 j 2.10 
1.20 

.95 
25.35 
2.86 

.75 

.86 
25.35 
19-65 

3.17 
.97 

17.22 
1.77 

.45 

.36 
17.22 
8.92 
1.22 

.60 

.0034 

.lo14 

.0794 

. o w  
* 0039 
.0028 
.0040 
.0040 
.lo14 
.0030 
.0627 
.lo14 
.Q$2 
.OM50 
.&lo 
.lo14 
,0052 

.30 
8.65 
1.64 

.67 

.80 

.75 I . .  
22.4 I .71 .61; .60 

1.00 
1.00 

25.35 
.74 

15.67 
25.35 
16.30 
1.49 

20.25 
25.35 
1.30 

1.00 
.92 

21.62 
.73 

14.55 
21.62 

.74 
15.74 
21.62 
1.12 

15-55 

._  
1.00 , . ~ .  .75 
.88 .81 * 71 

17.22 11.82 8.65 
.82 .78 ' .68 

12.40 8.25 7.10 
17.22 11.82 ~ 8.65 
12.56 8.75 9.72 

io. 90 3.75 
17.22 , 11.82 8.65 .* I .80 .66 

.60 7:;; ~ .40 
1.6 go 

' 6.4 90 
I 3.2 315 .0727 I .0734 



TABLE 11.- SURFACE PRFSSURE DATA RESULTS OF Mj = 5.0 NO= MBAUST PLUME IMPINGING UWN AN AXIALLY PARALLEL ADJACENT PLATE - Continued 

pBbm for values of ~ ~ , ~ / p ,  of - I 
pS/ptlJ for values of p t, jp- Of - 

- 
Loo, ooc 
- 
50, 000 !00,000 150,000 250,000 !50, CQC 200, 000 150, 000 loo, OOO 50, OOO 

0.0035 x 10-3 0.0047 x 10-3 0.0062 x 10-3 0.0092 x 10-3, 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
5 

28 
27 
16 
5 

21 
22 
23 
24 
25 
26 
5 

29 
18 
5 

19 
30 
20 
5 

17 

0.72 
2.14 
6.55 
ll. 06 
ll. 46 
13.15 
14.83 
13.63 
ll. 47 
10.18 
7.32 
5.52 
2.28 
1.20 
.9 

ll. 46 
2.84 

.74 
1.21 
ll. 46 
10.86 
3.62 
1.15 

.83 

.74 

.a5 
11.46 

.87 
ll. 84 
ll. 45 
ll. 30 

65 =. 75 
ll. 46 
1.44 - 

0.70 0.71 
.78 .22 

13.60 .8i 
8.50 25.85 
8.70 4.95 

10.71 7.37 
l l .50 8.50 
10.69 7.82 
8.75 5.58 
7.60 5.18 
5.80 4.25 
4.23 2.94 
2.04 1.48 
1.16 .ea 

.82 .64 
8.70 

0.62 

---- 
2.50 
9.93 
5. I2 
4.75 
5.02 
2.85 
2.95 
2.72 
1.72 
.9Q 
51 .4a 

9.93 
.94 
.36 .ss 

9.93 
2.92 
1.64 

* 90 
.60 
.85 

9.93 
.53 

7.68 
9.93 
3.47 

.64 
3.28 
9.92 

52 

---- 

- 

LOO- x 10-3 
.0086 
.0262 
.0442 
.Ob58 
.0526 

.0545 

.Ob59 

.Oh07 

.0293 

.0221 

.0091 

.oo4a 

.W39 

.04ss 

.0114 

.oo30 

.0048 

.Ob58 

.Ob34 

.0145 

.0046 

.0033 . 00% . oojll 

.Ob58 

.W35 

.Ob74 

.Ob58 

.Oh52 

.0470 

.0458 

* 0593 

.oo26 

.w 

3.2 3.2 
4.0 2.4 
4.8 1.6 
5.6 .8 
6.4 0 
7.2 .8 
8.0 1.6 
9.6 3.2 

l l . 2  4.8 
12.8 6.4 
16.0 9.6 
19.2 12.8 
25.6 19.2 
32.0 25.6 
j8.4 32.0 

0 
14.4 
27.2 
3.2 

14.4 

1.6 
6.4 
3.2 

3.2 

. oo%l 

.680 

.0b25 

.0b35 

.0536 

.0575 
* 0535 

.om 

.0290 

.0212 

.0102 

.0058 

.0041 

.0h35 

.0x22 

.0033 . 00% 
-0435 
.o& 
.014a 
.0w8 
. 009 
.m1 
.0029 
.0h35 
. a 4 1  
.0406 
.0435 
.0366 . 00% 
. 0 4 9  
.0b35 
.0040 

.Ob* 

.1+3 

.0491 

.0567 

.0521 

.0372 

.0345 

.0283 

.01$ 

.w9 

.W57 

.0043 

.0330 

.0n3 

* 0330 

.(IO33 

.0043 

.0373 

.0159 

.oil74 

.0059 

.&3 

.ooog 
* 03% 
.0049 
.0292 
03% 

.0628 

.0043 

* 03% 
.0043 

* 0330 

.0b13 

.0250 . 0100 
0993 

.0512 .0b36 

.0h75 .1120 

.0502 .0634 

.0285 . 0100 

.0272 .0260 

.0172 .0132 

__---_ 

.0295 .0190 

. wo .0076 

.0051 I .0056 

.0048 I .W14 

. w 3  

.0w4 

.m% 

.a358 

. w 3  

.0292 

.0164 

4.95 
1.70 

.49 

.64 
4.95 
5.60 
2 . 9  
1.11 .ea 

.95 

.14 
4.95 

.73 
4 . 3  
4.95 
9.42 

.65 
6.20 
4.95 

.64 

.47 
70 

.42 

2.43 
.65 
.76 

8.70 
8.11 
2-97 
1.15 

.76 

.82 

.58 
8.70 

.82 
8. ll 
8.70 
7.33 

.73 
8.75 
8.70 
.81 
- 

.0w0 

.&a 

.0m5 

.w93 

.0053 
e0767 
* og93 
.0347 
.0&4 
.028 - 0993 
.0052 
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TABLE 11.- SURFACE PRESSURE DATA I1ESULTs OF Mj = 5.0 NOZZLE EXHAUST PLUME W I N G I N G  UPON AN A X U Y  PARALLEL ADJACENT PLATE - Concluded 

1 ps/pm for values of pt,J p, of - I ps/pt, 
for values of p t, j/Pm of - 

Orifice 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
5 

28 
27 
16 
5 

21 
22 
23 
24 
25 
26 
5 

29 
18 
5 

19 
30 
20 
5 

17 

200,000 150, ow .oo, 000 io, 000 200,000 150,000 loo, 000 

8.0 
8.8 
9.6 

10.4 
11.2 
12.0 
12.8 
14.4 
16.0 
17.6 
20.8 
24.0 
30.4 
36.8 
43.2 

3.2 
2.4 
1.6 

.8 
0 

.8 
1.6 
3.2 
4.8 
6.4 
9.6 

12.8 
19.2 
25.6 
32.0 
0 

14.4 
27.2 

3.2 
0 
3.2 
9.6 

16.8 
22.4 
28.8 
35.2 
0 

14.4 
1.6 
0 
1.6 
6.4 
3.2 

0.94 
.97 

2.88 
7.44 
9.52 
9.77 
5.50 
4.34 
3.80 
3.91 
3.07 
2.45 
1.52 

.91 

.79 
9.52 
1.98 

.82 
* 72 

9.52 
3.67 

2.25 
2.54 

1.18 
1.00 

9.52 
1.00 

9.52 

---- 

8.73 

8.31 

0.95 
.85 
.87 

2.31 
4.78 
6.83 
7.41 
3.97 
2.72 
2.61 
2.16 

1.16 
.68 
.76 

4.78 
1.51 

.69 

.60 
4.78 
5.78 
2.50 
1.41 

.94 

.a8 

4.78 
1.00 
3.64 
4.78 
2.83 

5- 30 
4.78 
1.01 

1- 79 

---- 

.81 

0.96 
.77 
.68 
.66 
.68 

1.13 
2.06 
3.73 
2.98 
2.13 
1.28 
1.05 

:66 
.42 
.55 
.68 

1.18 
.75 
.% 
.68 
.10 
.87 
.97 
* 92 
.89 --_- 
.68 - 91 

1.11 
.68 
* 98 
.68 

1.94 
.68 
.a8 

0.79 
* 70 
.64 
.59 
.47 
.42 
9 31 
.67 - 71 
.75 
.83 
.81 
.46 
.26 
.35 
.47 
* 92 
.86 
.36 
.47 

.25 

.86 

.82 

.79 

---- 

).0037 X 
.0044 
.0474 
.om0 
.0554 
.0169 
.0192 
.0196 
.0170 
. O l e o  
.0149 
.0114 
.m64 
.0045 
.a332 - 0554 
. w 3  
.0041 
.0062 
.0554 
.Ol37 
.0101 
.0070 
.0061 
.0037 

1.0047 x 10-3 
.0049 
.01U 
* 0372 
.0476 
.048g 

.0217 

.0190 

.0196 

.0123 

.0076 

.0046 

.0040 

.Ob76 
* OW9 
.0041 
.m36 
.Ob76 
. o m  
.0127 
.o i l3  

.0050 

.Ob76 

.0050 

.Ob37 

.Oh76 

.Ob16 

.0050 

.0258 

.0476 
, .0054 

0275 

.0154 

.0059 

--_-__ 

LOO% x 10-3 
* 0077 
.0068 
.0066 
.0068 . o n 3  
.0206 
* 0373 
.0298 
.0213 
.OX28 
.0105 
.0066 
.0042 
* 0055 
.0068 
.on8 
.m75 
.0038 
.0068 

1.0158 x 10-3 
.0140 
.0x28 
.0118 . Ow4 
.0m4 
.0062 
.01j4 
.0142 
.0150 
.0166 
.0162 
.w2 
.0052 
.0070 
.0094 

.0172 

.0072 

.0184 

. Ow4 

0.93 
1.09 

11.85 
22.00 
13.85 
4.22 
4.80 
4.91 
4.25 
4.50 
3.72 
2.86 
1.60 

180 

1 
180, o 

0 

22.5 

225 
225, 45 

45 

1 

! 
67.5 
67.5 
270 

270, 90 
90 
90 

315 

* 0319 
.0455 
.Ob94 
.0265 
.0181 
.0174 
. 0144 
.o i l9  
.m77 
.0&5 
.0051 
.03l9 
.0101 
.0&6 
.mho 
.0319 
0359 

.0167 

. Ow4 

.0063 
-0059 --____ 
.03l9 
.0067 
.0243 
.0319 
.0189 
.0054 
* 0353 
* 0319 
. 0 6 7  

1. I 2  
.81 

13.85 
2.32 
1.02 
1.54 

13.85 
3.43 
2.53 
1- 75 
1.52 

* 92 

13.85 
.96 

13.10 
13.85 
12.88 
1.08 

----- 

------ .0010 
.&7 .0050 
* 0097 .0172 

.&9 

.0092 .0164 
.0158 

.0068 .0094 . Oogl .0146 

. o n 1  .0140 

.0068 . Ow4 

.0068 .0104 

------ 

.0098 .01.36 

.0194 .0158 

.0068 . w 4  

.0088 .0u4 

1.00 
4.43 I 5.16 

0 3151 135 13.85 1 9.52 
3.2 135 1.56 , 1.07 
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(a) Overdl test setup. 

Figure 1.- Sketches of test setup, nomenclature, and nozzles. 
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Supp ly  - 
A i r  

Nozzle  

m e a s u r i n g  t r a n s d u c e r  

~~ 

6" a i a  
I E l e c t r i c a l l y  o p e r a t e d  

s o l e n o i d  v a l v e  

L l L u J  
0 5 
s c a l e  : I n c h e s  

S c h l i e r e n  m i r r o r  
I 

(b) Air supply  appa ra tus .  

plume boundary 

Shock a t t a c h m e n t  p o i n t  

Impingement p o i n t  

( e )  Nomenclature ske tch .  

F i g u r e  1.- Continued.  
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Total-pressure t ap  L 
-+,+ 2.00 

Convergent  n o z z l e ,  M = 1 . 0 .  
J 

- 1.69 

S t a t i c - p r e s s u r e  o r i f i c e  - 

/ 

Convergen t -d ive rgen t  n o z z l e ,  M. = 5.0. J 

( a )  T e s t  n o z z l e s .  A l l  l i n e a r  dimensions are i n  inches .  

F i g u r e  1.- Concluded. 
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I I 1111.1111 I ,I 1,1111111 I I, 111 I I, I I .. . . 

Figure 2.- Static-pressure orifice locations on impingement surface. 
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Various p l a t e  p o s i t i o n s  - jy 

-- 

!!L 
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‘Estimated o r i g i n  of oblique’ 
20 shock as determined from peak 

pressure  l o c a t i o n  
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Estimated o r i g i n  of oblique 
shock as determined from peak 
pressure  l o c a t i o n  

20 

10 

0 
10 20 30 50 60 40 x Distance downstream of nozzle e x i t ,  - 

( a )  M j  = 1.0; d j  = 0.125 i n .  

Figure 3 . -  Cor re l a t ion  of p l a t e  p o s i t i o n s  with j e t  exhaust plume boundaries f o r  var ious  r a t i o s  of j e t  t o t a l  p ressure  t o  
ambient pressure .  
l a t e d  j e t  plume boundaries.  

Symbols i n d i c a t e  experimental  p o i n t s  from photographs; s o l i d  l i n e s  i n d i c a t e  t h e o r e t i c a l l y  calcu-  



4 6 8 10 12 16 18 U 2 
0 

X Distance downstream of nozzle exit, - 
3 d 

(b) Mj = 5.0; dj = 0.625 in. 

Figure 3 . -  Concluded. 



(a) 5 = 7. 

Figure 4.- Jet plume schlieren photographs of Mj = 1.0 nozzle. 

shaek 

L-64-383 
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Y (b) - = 14. 
dJ 

Figure 4. - Continued. L- 64- 384 
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(c) - = 60. 
dJ 

Figure 4.- Concluded. L-64- 585 



(a) dS = 2. 

Figure 5.- Jet plume schlieren photographs of Mj = 5.0 nozzle. 
L-64-386 



(b) = 4. 
dj 

Figure 5. - Continued. L-64-387 
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Figure 5.- Continued. L- 64- 388 



(a) 2- = 10. 
‘j 

Figure 5.- Concluded. L- 64 -389 
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Figure 6.- Typical variation of surface static pressure ratio with nozzle-to-ambient total-pressure ratios for constant 
distances downstream from nozzle exit. Mj = 1.0; dj = 0.125 in. 
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Figure 6.- Concluded. 
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Figure 7.- Distribution of impingement surface static-to-ambient pressure ratio for various nozzle 
total-to-ambient pressure ratios. Mj = 1.0; dj = 0.125 in.; Jr  = Oo. 
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Figure 7.- Continued. 
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Figure 8.- Distribution of impingement surface static-to-ambient pressure ratios for various nozzle 
total-to-ambient pressure ratios. Mj = 5.0; dj = 0.625; Jr = Oo. 
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